Proteus mirabilis, a cause of serious urinary tract infection and acute pyelonephritis, produces several putative virulence determinants, among them, fimbriae. Principally, two fimbrial types are produced by this species: mannose-resistant/Proteus-like (MR/P) fimbriae and mannose-resistant/Klebsiella-like (MR/K) fimbriae. To isolate MR/P fimbrial gene sequences, a P. mirabilis cosmid library was screened by immunoblotting and by hybridization with an oligonucleotide probe based on the N-terminal amino acid sequence of the isolated fimbrial polypeptide, ADQGHGTVKFVGSIIDAPCS. One clone, pMRP101, reacted strongly with a monoclonal antibody specific for MR/P fimbriae and with the DNA probe. This clone hemagglutinated both tannic acid-treated and untreated chicken erythrocytes with or without 50 mM D-mannose and was shown to be fimbriated by transmission electron microscopy. A 525-bp open reading frame, designated mrpA, predicted a 175-amino-acid polypeptide including a 23-amino-acid hydrophobic leader peptide. The unprocessed and processed polypeptides are predicted to be 17,909 and 15,689 Da, respectively. The N-terminal amino acid sequence of the processed fimbrial subunit exactly matched amino acid residues 24 to 43 predicted by the mrpA nucleotide sequence. The MrpA polypeptide shares 57% amino acid sequence identity with SmfA, the major fimbrial subunit of Serratia marcescens mannose-resistant fimbriae.
Infection with Proteus mirabilis, one of the most common uropathogens isolated from elderly catheterized patients (51) , can result in serious complications, including formation of kidney and bladder stones (13) , catheter obstruction (29) , acute pyelonephritis (37) , and bacteremia (40) . P. mirabilis also infects noncatheterized elderly patients (12) and constitutes 65 to 75% of isolates from the urine of young boys with anatomic abnormalities of the urinary tract (17, 24) .
Several putative virulence determinants, including urease (16, 27) , flagellum-mediated motility (33) , fimbriae (33, 39, (41) (42) (43) , and hemolysin (27, 28, 34, 35, 44) , have been ascribed to this organism. Hydrolysis of urea by urease produces excess levels of ammonia in urine, causing alkalinization and supersaturation of polyvalent ions which precipitate in the form of struvite and carbonate-apatite to form bladder stones, kidney stones (13) , and obstructions of urinary catheters (29) . To damage the kidney, however, the organism must first reach the kidney and colonize the epithelium. It is therefore likely that motility and specific adherence factors are also required for pathogenesis. In addition, a cytolysin such as the HpmA hemolysin may contribute to tissue destruction (28, 40) .
Adherence to uroepithelial cells mediated by fimbriae has been suggested to contribute to pathogenesis (22) . Silverblatt (41) reported that in a rat model of unobstructed ascending infection, P. mirabilis appeared to adhere to renal epithelial cells by fimbriae. Heavily fimbriated organisms were shown to initiate infection better than lightly fimbriated organisms (42) . Also, mice immunized with purified fimbriae of uropathogenic P. mirabilis were shown to be protected against infection by challenge with homologous and heterologous strains (20) . Thus far, two fimbrial types have been associated with P. mirabilis: mannose-resistant/Klebsiella-like (MR/K) fimbriae and mannose-resistant/Proteus-like (MR/P) * Corresponding author.
fimbriae. MR/K fimbriae hemagglutinate tannic acid-treated but not untreated ox erythrocytes. MR/P fimbriae, on the other hand, hemagglutinate both tannic acid-treated and untreated erythrocytes of several animal species (1, 31) . On the basis of Brinton's classification (8) , MR/K fimbriae are considered type III and MR/P fimbriae are considered type IV (41) .
The expression of MR/P fimbriae has been correlated with the development of acute pyelonephritis. In their rat pyelonephritis model, Silverblatt and Ofek (42) demonstrated that inocula expressing MR/P fimbriae caused a high frequency of cortical abscesses after 1 week. Previous studies from our laboratory showed that 63% of pyelonephritogenic strains of P. mirabilis express MR/P fimbriae as a single fimbrial type (27) . Furthermore, we have reported that MR/P fimbriae are expressed in vivo and are recognized as immunogens in experimental urinary tract infections (5) . These data suggest that MR/P fimbriae play a role in the development of acute pyelonephritis caused by P. mirabilis.
In the present study, we report the isolation of genes encoding MR/P fimbriae and the nucleotide sequence of the major fimbrial subunit gene.
MATERIALS AND METHODS
Bacterial strains and growth conditions. P. mirabilis CFT322 (urease positive; MR/P' MR/K-) was isolated from the urine of a patient with clinical symptoms of acute pyelonephritis (27) . P. mirabilis H14320 (urease positive; MR/P' MR/K+) was isolated from the urine of an elderly long-term-catheterized patient (29) . Escherichia coli HB101 (supE44 hsdS20 recA13 ara-14 proA2 lacY] galK2 rspL20 xyl-5 mtl-1 [23] ) was used as host for transformation with recombinant plasmids. E. coli Cla (hsdM hsdR) and C600-JA226 (F-thi-1 thr-1 leuB6 lacY] tonA21 supE44 recBC), kindly provided by Steven Clegg, University of Iowa, and E.
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BAHRANI AND MOBLEY coli P678-54 (F-thr ara-13 leu-6 thi-1 lacYl) (2) were used as alternative hosts for transformation with cosmid clones.
Bacteria were grown at 370C in Luria broth or agar supplemented with appropriate antibiotics (23) . Bacteria were stored at -700C in Trypticase soy broth (BBL) supplemented with 20% glycerol.
Isolation of MR/P fimbriae. P. mirabilis CFT322 was chosen for isolation of MR/P fimbriae because this strain does not produce MR/K fimbriae on the basis of hemagglutination patterns. Therefore, this selection would eliminate cross-contamination of MR/P fimbriae with MR/K fimbriae.
Luria broth (6 liters) was inoculated with a 50-ml stationary culture of P. mirabilis CFI322' which' had been passaged statically three times for 48 h at 370C, conditions shown to favor selection of fimbriated bacteria (31) . After 48 h of static growth, cells were then harvested and washed by centrifugation, suspended in 250 ml of 10 mM Tris-HCl (pH 7.2), sheared by blending, and centrifuged at 8,000 x g for 20 min.
The supernatant was centrifuged at 39,000 x g for 30 min, and the supernatant from this spin was centrifuged again at 180,000 x g for 1.5 h. The pellet was resuspended in Tris-HCl (pH 7.2) and centrifuged at 117,000 x g at 20'C for 44 h on a CsCl (1.3 g/ml) gradient. Bands were extracted by needle aspiration and dialyzed against distilled water (45) . Purity was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described by Laemmli (20) .
Monoclonal antibody. Five BALB/c mice were immunized with MR/P fimbriae purified' from strain CFT322. Spleen cells and inguinal lymph nodes were separately fused with a mouse myeloma cell line (P3X-Ag8.653), and 14 days after fusion, the culture supernatants were screened by an enzyme-linked immunosorbent assay (ELISA) with purified MR/P fimbriae as the antigen (52) . The supernatant of one lymph node fusion culture reacted strongly with pure nondenatured MR/P fimbriae. This supernatant also reacted on a Western blot with the denatured fimbrial structural subunit. N-terminal amino acid analysis and amino acid composition.
MR/P fimbriae were precipitated with trichloroacetic acid, solubilized in SDS-gel sample buffer, and electrophoresed on an SDS-10% polyacrylamide gel. Protein subunits were transferred to polyvinylidene difluoride membrane and stained with Coomassie brilliant blue. Stained MrpA was excised and subjected to N-terminal amino acid analysis on an Applied Biosystems pulsed liquid phase sequencer, model 477A (30) . The amino acid composition of the MrpA subunit was determined by hydrolyzing the protein in vacuo with 6 M HCl plus 1% phenol for 18 h at 106°C. Amino acids were derivatized with phenyl isothiocyanate. High-pressure liquid chromatography was used to quantitate the amino acid residues. P. mirabilis H14320 chromosomal DNA library. Chromosomal DNA from strain HI4320 was partially digested with Sau3A and ligated into the BamHI site of cosmid vector pHC79 (14) , and the resulting concatamers were packaged in vitro by using the Gigapack lambda packaging kit according to the manufacturer''s instructions. This preparation was used to infect E. coli HB101. Ampicillin-resistant transformants were isolated and stored in microtiter plates in Luria broth supplemented with 20% glycerol.
Plasmid DNA isolation. Plasmid was isolated from cultures by alkaline SDS extraction (6) , and DNA was purified by centrifugation to equilibrium in cesium chloride-ethidium bromide density gradients (23) .
Chromosomal DNA extraction. Chromosomal DNA was isolated from bacterial cells by lysis with SDS and proteinase K, and extraction was carried out with phenol and chloroform (25) .
Oligonucleotide synthesis. Oligonucleotides were synthesized by the phosphorimidite method on an Applied Biosystems automated DNA synthesizer (model 380B).
Southern blot analysis. Isolated chromosomal or plasmid DNA was digested with restriction enzymes, electrophoresed in a 0.7% agarose gel, transferred to nitrocellulose, and baked at 80°C for 2 h. P-labeled DNA probes were hybridized under stringent conditions (washing at 550C in 6x SSC [lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate]). The blots were washed, dried, and autoradiographed (23 (47) . Western blots were developed with a monoclonal antibody specific for purified MR/P fimbriae at an appropriate dilution.
ELISA. Purified MR/P fimbrial antigens (100 ng per well) were used as the solid-phase antigen. Monoclonal antibody specific for pure MR/P fimbriae was used to perform ELISA by the standard procedure of Voller et al. (50) .
Colony immunoblotting. Colony immunoblots were prepared as described above for colony blot (DNA) hybridization. After 48 h of growth, the filters were blocked by 0.5% Tween 20 and 3% bovine serum albumin, and visibly adhering cells were rubbed off. The filters were then washed and incubated for 30 min in 70% ethanol to inactivate endogenous phosphatase activity. The filters were probed with the monoclonal antibody specific for MR/P fimbriae as for Western blotting.
Nucleotide sequence accession number. The sequence for
MrpA of P. mirabilis H14320 has been deposited with GenBank under accession number Z18753.
RESULTS
Antigenic cross-reactivity of MR/P fimbriae of P. mirabilis CFT322 and P. mirabilis HI4320. We have conducted virulence studies with the uropathogenic P. mirabilis strain HI4320 which expresses both MR/P and MR/K fimbriae (16, 27) . To isolate the genes for MR/P fimbriae, it was necessary to raise antisera specific for this fimbrial type. Therefore, MR/P fimbriae were isolated from strain CFT322, which phenotypically expresses only this fimbrial type with a structural subunit that has an apparent molecular size of 16.4 kDa (5). Monoclonal antibodies against purified fimbrial preparations from this strain were developed. One monoclonal antibody was used to identify antigenically crossreacting fimbriae from P. mirabilis HI4320. On a Western blot, the monoclonal antibody to pure MR/P fimbriae of strain CFT322 cross-reacted with a polypeptide that had an apparent molecular size of 16.4 kDa from a fimbrial preparation of strain HI4320 electrophoresed on an SDS-polyacrylamide gel (10 to 20% polyacrylamide) (Fig. 1) . The electrophoretic mobility differs slightly from that observed previously (5 , and E. coli HB101 containing only vector pHC79 (C). Bacteria grown statically at 37°C in Luria broth for three passages of 48 h each were negatively stained with phosphotungstic acid and examined by transmission electron microscopy at a magnification of x 15,000. The bar equals 500 nm. As a control, E. coli HB101 containing no plasmids was also included.
Correlation of fimbria production with hemagglutination. Expression of a surface-exposed macromolecule that reacts with antisera to MR/P fimbriae consistently correlated with hemagglutination of untanned chicken erythrocytes. P. mirabilis HI4320, passaged three times statically in Luria broth for 48 h each, was agglutinated with antisera and hemagglutinated. Bacteria cultured on Luria agar were not agglutinated and did not hemagglutinate. N-terminal analysis. A fimbrial preparation from strain HI4320 was denatured with 10% trichloroacetic acid (necessary for dissociation of MR/P fimbrial subunits [5] ) and electrophoresed on an SDS-polyacrylamide gel. The crossreacting polypeptide band with an apparent molecular size of 16.4 kDa, corresponding to MR/P fimbriae of strain HI4320, was isolated and subjected to N-terminal analysis. Of the first 20 amino acids determined for the fimbrial polypeptide, designated MrpA, 17 residues were exact matches with those of SmfA (Fig. 2) , the structural subunit of the mannose-resistant fimbriae of Serratia marcescens (26) . In addition, some amino acid sequence similarity was found with the N termini of the structural subunits of P. mirabilis CFT322 MR/P fimbriae (10 of 19 residues) (5) and PapA (11 of 20 residues), the major structural subunit of E. coli P fimbriae (4) . No significant similarity (only 5 of 17 residues) was found with the N terminus of the uroepithelial cell adhesin of P. mirabilis (53) .
A 24-kDa band was observed repeatedly in the denatured fimbrial preparations of different strains of P. mirabilis, including strain HI4320. The N-terminal amino acid sequence of this polypeptide did not show homology with the N termini of the MR/P and MR/K fimbrial subunit polypeptides (Sa). This polypeptide could be an accessory polypeptide encoded by the MR/P fimbrial operon or the subunit of another fimbria that has not yet been characterized.
Hybridization of an smfA sequence-specific oligonucleotide probe with mrpA gene sequences. Amino acids 12 to 18 of the processed polypeptide, a region of high amino acid similarity between fimbrial subunit polypeptides ofP. mirabilis H14320 and S. marcescens US46, were selected for synthesis of a DNA probe (Fig. 2 ). An oligonucleotide (5'-GGTTCTAT TATTGATGCTCCT-3') was synthesized on the basis of the nucleotides 349 to 369 from the smfA sequence (26) , end labeled with [y-32P]ATP, and hybridized with colony blots of the cosmid library of strain H14320 chromosomal DNA. Of 1,500 clones screened, 21 clones hybridized with the probe as detected by autoradiography.
Expression of HI4320 MR/P fimbriae in E. coli HB101. Of the same 1,500 gene bank clones, one clone, designated pMRP101, reacted with the monoclonal antibody specific for MR/P fimbriae of strain CFT322 on a colony immunoblot assay. This clone was one of the 21 clones that had hybridized with the smfA probe. Thus, cosmid clone pMRP101 represented the single gene bank clone to react with both the DNA probe and the antibody specific for MR/P fimbriae. A restriction map of pMRP101 was determined, and Southern blot analysis was used to determine the fragments to which the oligonucleotide probe hybridized (data not shown). The point of hybridization was flanked by 12 and 25 kb of Proteus DNA upstream and downstream, respectively, suggesting that adequate sequences were present to encode a typical enteric fimbrial operon.
E. coli HB101(pMRP101) exhibited the MR/P hemagglutination pattern (i.e., hemagglutinated tanned and untanned chicken erythrocytes in the presence and absence of mannose), although the reaction was weaker than that of P. mirabilis wild-type HI4320 (Fig. 3 ). E. coli HB101(pHC79) did not cause mannose-resistant hemagglutination. Even in the presence of antibiotic selection, E. coli HB101 (pMRP101) frequently lost the ability to hemagglutinate chicken erythrocytes in the presence of 50 mM mannose. E. coli Cla, C600-JA226, and P678-54, transformed with plasmid pMRP101, were also unstable in their abilities to express MR/P hemagglutinin. This instability was not associated with loss of plasmid DNA. Occasionally, transformants in strains HB101, Cla, and C600-JA226 hemagglutinated chicken erythrocytes in the absence but not in the presence of mannose, indicating expression of type 1 fimbriae by these E. coli host strains.
By transmission electron microscopy, E. coli HB101 (pMRP101), grown statically in Luria broth (under conditions that select for isolates expressing MR/P fimbriae), expressed fimbriae, whereas E. coli HB101(pHC79) grown under identical conditions was nonfimbriated (Fig. 4) . For comparison, heavily fimbriated P. mirabilis HI4320 is also shown.
mrpA nucleotide sequence. DNA sequencing of mrpA carried on pMRP101 was initiated with the oligonucleotide primer that was based on the smfA sequence used to identify the cosmid clone from the gene bank. The remaining upstream and downstream regions were sequenced by synthesizing new primers based on acquired sequence.
A 525-bp open reading frame predicted a 175-amino-acid polypeptide including a 23-amino-acid hydrophobic leader peptide (Fig. 5) . The unprocessed polypeptide was predicted to be 17,909 Da; the processed polypeptide was predicted to be 15,689 Da. The presence of two cysteine residues (Cys-42 and Cys-81) in the polypeptide was observed, which is consistent with the presence of these residues in other fimbrial subunits (4, 11, 26, 32, 49) . Putative promoter sequences were identified as ATGAAT (-35) and TATAT TT (-10). A putative ribosomal binding site of AGGA was also identified upstream of the start codon. The N-terminal amino acid sequence determined from the isolated fimbrial subunit polypeptide exactly matched the predicted amino acid residues 24 to 43 of unprocessed MrpA. In addition, the amino acid composition of processed MrpA was determined (Table 1 ) and agrees closely with the composition predicted from the nucleotide sequence of mrpA.
A hydropathy plot of MrpA (Fig. 6) shows the first 23 amino acids to be extremely hydrophobic, which is typical of procaryotic signal peptides (15) . The C terminus is also hydrophobic.
Nucleotide and amino acid sequence similarity. The DNA sequence was found to be most similar to that of smfA, the gene encoding the major subunit of the mannose-resistant fimbriae of S. marcescens. The mrpA and smfA open reading frames showed 56% nucleotide sequence identity (two 2-bp gaps were introduced into smfA for alignment). The predicted polypeptides MrpA and SmfA showed 57% exact matches of their amino acid sequences, including 19 of the first 22 amino acids of the processed polypeptides and 34 of the last 49 amino acids (Fig. 7) . MrpA and SmfA subunit precursors are predicted to be 175 and 174 amino acids long, respectively.
DISCUSSION
We have isolated and determined the nucleotide sequence of a gene for a polypeptide that is consistent with being the structural subunit of the MR/P fimbriae of uropathogenic P. mirabilis. Strain HI4320, grown under conditions (statically in broth for three passages of 48 h each) in which bacterial cells hemagglutinate chicken erythrocytes in a mannoseresistant fashion, expresses a surface macromolecule that when sheared from the surface, purified by CsCl density centrifugation, and denatured with trichloroacetic acid, yields a polypeptide with an apparent molecular size of 16.4 kDa on SDS-PAGE. The first 20 N-terminal amino acids exactly match an amino acid sequence predicted by the mrpA open reading frame (residues 24 to 43 of the unprocessed polypeptide). When the cosmid clone carrying these gene sequences was transformed into E. coli HB101, bacteria (i) were recognized by a monoclonal antibody raised against purified MR/P fimbriae, (ii) expressed fimbriae on their surface as observed by electron microscopy, and (iii) were capable of mannose-resistant hemagglutination. The MrpA polypeptide bears close resemblance to pilins of other enteric fimbriae in that it falls within the accepted molecular weight range, possesses a hydrophobic leader peptide, and contains two characteristically placed cysteine residues. The predicted polypeptide most closely resembles SmfA (57% amino acid sequence identity, particularly at the N and C termini), the major structural subunit of S. marcescens (26) , but also shares amino acid sequence similarity at the N terminus with PapA of uropathogenic E. coli (4) .
Proteus and Serratia species share other similarities. The Proteus hemolysin genes hpmA and hpmB have recently been shown to resemble the S. marcescens hemolysin determinants shlA and shiB (36, 48) . The percentages of amino acid sequence similarity were high (47% between HpmA and ShlA and 55% between HpmB and ShlB), considering that the overall DNA relatedness between these genera is only about 10% (7). Interestingly, a similar situation exists for mrpA and smfA. Nucleotide sequences of the two open reading frames are 56% identical, and predicted polypeptides share 57% amino acid sequence identity, yet the G+C content of mrpA (39%) is quite different from that of smfA (54%). The respective G+C values of each gene, however, closely match the overall G+C content for P. mirabilis (39%) and S. marcescens (58%) (10) .
An inverted repeat follows the mrpA open reading frame and predicts the formation of a stem-loop structure in the mRNA transcript. Another open reading frame, preceded by a ribosomal binding site, lies 50 nucleotides downstream of the 3' end of the putative stem-loop. This organization is similar to that observed forpapA, which encodes the major fimbrial subunit of P fimbriae of uropathogenic E. coli (4) . It is speculated that following transcription of the gene for PapA which forms the bulk of the fimbrial structure, the stem-loop may attenuate transcription of downstream genes (46) . Although most transcripts are terminated, some readthrough occurs, providing sufficient message for translation of the appropriate number of accessory polypeptides essential for fimbrial assembly and adhesion to receptors. We can speculate that the genetic organization of MR/P fimbrial sequences may be similar, in this regard, to that of the P fimbrial operon.
We provide evidence that mrpA encodes the major structural subunit of MR/P fimbriae and that cells expressing this structure To directly investigate correlation between MR/P fimbriae and hemagglutination, we are pursuing construction of isogenic deletion mutants of mrpA in P. mirabilis HI4320, in a fashion similar to that of our construction of a ureasenegative mutant (16) , to study the effect of loss of the MR/P fimbrial structural subunit.
